Classifying a nonunion solely on the extent of callus formation on a radiograph is insufficient. We have conducted a study with a revised protocol to classify a nonunion more clearly, which uses both radiographic observation and fixation stability. 47 consecutive femoral shaft nonunions were studied using this protocol and 42 nonunions were followed up for at least one year after discovery (range, 1-3 years). 40 nonunions healed after treatment with a union rate of 95.2% (40/42) and a union period of 4.7 ± 0.9 months. The 2 cases of failure were due to implant failure and both healed after reoperation. We recommend this revised protocol as a pretreatment assessment for all nonunions because of its integrity and effectiveness.
Treatment of a nonunion is closely related to the type of nonunion. Traditionally, a nonunion is classified into a hypervascular (hypertrophic) or an avascular (atrophic) type and the principles of treatment are quite different. 3, 17 For a hypervascular nonunion, the main cause is due to insufficient fragment stability. Therefore, the treatment only requires providing sufficient stability and a satisfactory result is usually achievable. On the other hand, an avascular nonunion is usually caused by loss of osteogenic potential and the treatment requires both providing fragment stability and provoking osteogenic power.
Although distinguishing between a hypervascular and an avascular nonunion is critical, the literature usually only refers to the amount of callus formation seen on a plain radiograph. 3, 17 Despite that, a hypervascular or an avascular nonunion was further divided into subtypes in clinical practice, and classifying a nonunion only according to the amount of callus on the radiograph was often contradictory. Therefore, effective treatment methods might not be planned. The aim of this study was to combine fixation stability with radiographic appearance to classify types of nonunion. A more effective treatment method could then be designed earlier.
I N T R O D U C T I O N
A nonunion is one of the more common complications of bone fractures. Despite the fact that concepts and techniques for fracture treatment are continuously being improved, at present a nonunion cannot be
MATERIALS AND METHODS
From September 1994 to September 1996, 47 adult (>15 years) patients who had femoral shaft fracture nonunions were treated using a revised protocol. Patients with shortening of more than 1.5 cm were excluded and lengthening techniques were performed. 19 Patients enrolled in this study were aged from 17 to 65 years (median, 32 years) with a male to female ratio of 3 to 1. All nonunions were caused by failure of fracture treatment, and fractures were initially caused by vehicle crashes. The nonunion period was from one to 5 years and prior operations ranged from one to 6 in number. All fractures were initially either closed or Gustilo type I-III open fractures and had been treated at different hospitals. 5 At our institution, closed reamed Küntscher nails (Zimmer, Warsaw, IN, USA) or locked nails (Howmedica, Kiel, Germany) were used as possible. However, at other hospitals all operations were by open techniques for intramedullary nail or plate stabilization. Indications for this study included all femoral shaft nonunions with less than 1.5 cm shortening whether deep infection existed or not.
Revised protocol (Fig. 1) Initially, all nonunions had to be investigated to determine if they were infected. The prior wound healing process was carefully reviewed. At admission for reconstructive surgery, WBC (white blood cell), ESR (erythrocyte sedimentation rate), and CRP (C-reactive protein) were routinely checked. If persistent deep infection existed, the nonunion was classified as an avascular type and debridement, to control deep infection, was the priority. The internal fixator was removed. After radical debridement, a new internal fixator was inserted or the fracture was stabilized with external fixation. Vancomycin powder or other effective antibiotics were locally applied. The wound was closed with drain insertion. If deep infection did not recur and CRP descended to the normal value, local cancellous bone graft was inserted at a second operation.
For patients without obvious deep infection, plain anteroposterior and lateral radiographs were studied. Nonunions with segmental bony defect or sparse callus formation were classified into the avascular type, in which case open cancellous bone grafting or exchange nailing was performed. 20 For patients with various amounts of callus formation, the local fragment stability had to be thoroughly assessed. Referring to the experience of treating the acute fracture, the local stability could be evaluated. Nonunions which were considered to have stable fixation were classified into the avascular type and cancellous bone grafting was supplemented by either closed or open technique. 20 Nonunions which were considered to have unstable fixation were classified into the hypervascular type and an implant with sufficient stability was inserted. Nevertheless, in practice they were treated with exchange nailing or when a new implant was reinserted by open technique, and at the same time cancellous bone graft was inserted. 3, 20 In this study, among the 47 initial nonunions, 4 had persistent deep infection and 43 had quiescent or no deep infection (Fig. 1 ). Seven out of these 43 uninfected nonunions had segmental bony defect or sparse callus formation, while 36 had more or less callus formation. 28 of the 36 nonunions with callus formation were considered to have stable fixation and the other 8, unstable fixation. Thus, 39 nonunions were classified into the avascular type and 8, the hypervascular type.
Postoperatively, patients were permitted to ambulate with protected weight-bearing as early as possible. Quadriceps as well as knee range of motion exercise was encouraged. Patients were followed up at the out-patient department (OPD) at 4 to 6 week intervals. Clinical and radiographic bony healing states were recorded. We defined a bone union as, clinically: no pain, no tenderness, and walking without aids; and radiographically: the solid callus with cortical density had connected the bone fragments. 9 A nonunion was defined as a fracture which was still ununited after one year of treatment, or failed implant stability and reoperation was required to achieve a union. 16 
RESULTS
42 patients were followed up for at least one year (range, 1-3 years) and another 5 were lost despite all efforts to contact them. 40 patients healed within one year. The union rate was 95.2% (40/42) with a union period of 4.7 ± 0.9 months.
All 4 patients with persistent deep infection were followed and all nonunions healed. No deep infection recurred (Fig. 2) . Six out of 7 bone defect patients were followed and all nonunions healed without complications (Fig. 3) . 25 out of 28 patients who had stable fixation with some callus formation were followed. 23 nonunions healed (Fig. 4) and only 2 had persistent nonunions with implant failure (6 and 8 months, respectively). One was treated with closed removal of the broken locked nail and re-insertion of a new locked nail. The nonunion healed at 5 months (Fig. 5) . The other was revised from a broken plate to a locked nail. The nonunion healed at 6 months (Fig. 6 ). Seven out of 8 patients who had unstable fixation with some callus formation were followed. All nonunions healed without complications (Fig. 7) .
In general, 35 out of 39 patients with avascular nonunions were followed and 33 nonunions healed. Seven out of 8 patients with hypervascular nonunions were followed and all nonunions healed (P=0.69, Fisher's exact test, Table 1 ).
There were no other patients with deep infection, rotational (>10°) or angular (>10°) deformity or significant shortening (> 2 cm). A 28-year-old man sustained a right mid-third femoral infected nonunion for one year. After radical debridement, local antibiotic application, and cancellous bone grafting were performed, the nonunion healed uneventfully at 6 months. The infection did not recur over a 3-year follow-up. 
Figure 6
Case 24: A 38-year-old man sustained a right distal third femoral shaft avascular nonunion for 3 years. Although dynamic compression plating with cancellous bone grafting was performed, the plate broke at 8 months. Revision with a locked nail and reamed bone grafting was performed, and the nonunion healed at 6 months. 
DISCUSSION
With the advance of modern medicine, treatment of a fracture nonunion became simpler and effective. The mechanism of fracture healing has been zealously studied and various treatment methods invented to raise the success rate for nonunion treatment. However, the principle of classifying a nonunion into an avascular or a hypervascular type and designing a more ideal treatment method is important.
To classify a nonunion, callus formation on the radiograph is the most commonly used indicator, although it may appear otherwise during the course of treatment. 3, 17 For example, when a mid-third femoral shaft fracture is treated with open Küntscher nailing, progressive callus formation can be determined at the follow-up radiograph. However, a few cases may become nonunions due to extensive periosteal dissection. If the nonunion is classified into the hypervascular type due to callus formation being seen, treatment only requires the provision of fragment stability. In fact, the stability achieved with a Küntscher nail to treat a mid-third shaft fracture is usually sufficient. Thus, the treatment principle becomes contradictory. Therefore, to classify a nonunion, the amount of callus cannot be the sole indicator for judgment. More reasonably, the fixation stability should be considered concomitantly. Because the stability of a Küntscher nail in treating a mid-third shaft fracture is usually sufficient, the nonunion should be classified as the avascular type despite some callus formation. Therefore, the aim of the treatment should be to provoke osteogenic power so as to improve the result (Fig. 4) .
Factors favouring fracture healing are minimal gap, adequate stability, and a sufficient nutrition supply. 8 Classifying a nonunion into an avascular or a hypervascular type is very useful. When a fractured bone sustains a deep infection, 2 treatment strategies may be effective: one is to treat the deep infection first 18 and the other, local drainage of pus with preservation of the internal fixation. 11, 13 However, once a nonunion occurs, osteogenic potential at the fracture site disappears due to local destruction by the infection. Therefore, persistent deep infection should always be considered an avascular type.
A nonunion with quiescent deep infection may be avascular or hypervascular. A nonunion with sparse callus formation should be considered avascular. However, sometimes callus formation may be copious if local deep infection is well treated in time. If the fixation is stable, the fracture may heal. On the contrary, once a nonunion occurs with stable fixation, it indicates that the nonunion is due to loss of osteogenic potential. Therefore, it should be considered avascular. If the fixation is unstable, the nonunion should be largely considered hypervascular. With the invention of new implants, the incidence of unstable fixation should drop. In this study, 83% (39/47) of the nonunions were of the avascular type and 17% (8/47) of the nonunions, hypervascular. Thus, a nonunion caused by unstable fixation should become less common in the future. Most nonunions are due to loss of osteogenic potential, and techniques which can provoke osteogenic power should continue to be developed, such as electrical stimulation, 10, 12 ultrasound, 6,14 mechanical loading 1, 4 etc. In the literature, the most reliable technique to provoke osteogenic power is cancellous bone grafting. 2, 15 The success rate is usually more than 95%. To provide cancellous bone graft, a closed technique is superior to an open technique. 20 However, a closed technique can only be utilized in reamed intramedullary nailing. Moreover, biomechanically a reamed intramedullary nail is superior to a plate in the treatment of lower extremity fractures. 7 Therefore, closed reamed intramedullary nailing should be the treatment of choice for lower extremity aseptic nonunions.
In conclusion, a revised protocol to classify nonunion was developed, which should be applied more often than the traditional one. With this protocol, a more effective treatment method can be designed and a satisfactory outcome can be predicted. Whenever possible, therefore, it should be considered for the treatment of all nonunions.
